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Edited by Julian SchroederAbstract We previously identiﬁed a salt and drought stress-
responsive TFIIIA-type zinc ﬁnger protein gene ZFP252 from
rice. Here we report the functional analysis of ZFP252 using
gain- and loss-of-function strategies. We found that overexpres-
sion of ZFP252 in rice increased the amount of free proline and
soluble sugars, elevated the expression of stress defense genes
and enhanced rice tolerance to salt and drought stresses, as com-
pared with ZFP252 antisense and non-transgenic plants. Our
ﬁndings suggest that ZFP252 plays an important role in rice re-
sponse to salt and drought stresses and is useful in engineering
crop plants with enhanced tolerance to salt and drought stresses.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Zinc ﬁnger protein1. Introduction
Plant growth and crop productivity are largely aﬀected by
environmental stresses such as drought, salinity and low tem-
perature. To date, many stress-related genes have been isolated
and characterized from various plants. These genes encode
products either directly protecting plant cells from abotic stres-
ses or regulating expression of other genes to enhance plant
tolerance to the stresses [1,2]. Under the stress conditions,
the C-repeat binding factor/dehydration-responsive element
binding factor (CBF/DREB) transcription factors induce the
expression of downstream genes containing C-repeat/dehydra-
tion response elements (CRT/DRE) in their promoters to im-
prove plant tolerance [3,4]. Many other transcription factors
such as NAC, MYB, bZIP and zinc ﬁnger proteins have been
well characterized with their roles in the regulation of stress-re-
sponses [5,6].
The TFIIIA-type zinc ﬁnger proteins, ﬁrst discovered in
Xenopus, represent an important class of eukaryotic transcrip-
tion factors [7]. More than 40 TFIIIA-type zinc ﬁnger proteinAbbreviations: CBF/DREB, C-repeat binding factor/dehydration-
responsive element binding factor; CRT/DRE, C-repeat/dehydration
response elements; COR, cold-regulated gene; ABRE, abscisic acid
responsive element
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doi:10.1016/j.febslet.2008.02.052genes were identiﬁed from various plants including petunia,
soybean, Arabidopsis and rice so far [8–12]. The SCOF-1, a
TFIIIA-type zinc ﬁnger protein from soybean, functions as a
positive regulator of cold-regulated (COR) gene expression
mediated by abscisic acid responsive element (ABRE) via pro-
tein–protein interaction, which in turn enhances cold tolerance
of transgenic plants [8]. A petunia zinc ﬁnger protein gene,
ZPT2-3, was induced by cold and drought stresses, and its
overexpression in transgenic petunia increased plant tolerance
to drought stress [9]. The Arabidopsis STZ/ZAT10 functions as
a transcription repressor under abiotic stresses and its gain-
and loss-of-function mutants both improved plant tolerance
to abiotic stresses [10].
Rice is one of the most important food crops in the world,
which accommodates 60% of the population in the world
[13]. It is valuable to survey the TFIIIA-type zinc ﬁnger pro-
teins involved in rice responses to abiotic stresses, not only
for our understanding the molecular mechanisms of stress-re-
sponses in monocots but also for improvement of plant toler-
ance to abiotic stresses by gene-transfer. Recently, we isolated
three TFIIIA-type zinc ﬁnger protein genes ZFP245 [14],
ZFP182 [11] and ZFP252 (renamed from RZF71) [15] from
rice and found that these genes were induced by various abiotic
stresses. As the expression of ZFP182 in transgenic tobacco or
overexpression in rice plants increased their tolerance to salt
stress, ZFP182 might play a curial role in plant tolerance to
salt [11]. Here we report the functional analysis of ZFP252
using gain- and loss-of-function strategies. By stress assays,
we found that overexpression of ZFP252 in rice increased tol-
erance to salt and drought stresses. The contents of free proline
and soluble sugars in sense-ZFP252 transgenic rice plants were
higher than those in the WT (wild-type) and antisense-ZFP252
transgenic rice plants under salt and drought stress. Our results
suggest that ZFP252 might play a key role in stress-responsive
signal transduction pathway, and be useful in engineering crop
plants with enhanced tolerance to salinity and drought stresses.2. Materials and methods
2.1. Plant materials and growth
The seeds of japonica rice (Oryza sativa L.) cultivar Zhonghua 11
and its transgenic lines (T2) with ZFP252 gene were sterilized with
0.1% HgCl2 for 15 min, germinated in 30 C in darkness for 2 d, and
were cultured in the nutrition solution [16] or sown on plastic pots
(12 cm in height and 15 cm in diameter) ﬁlled with a mixture of soil
and sand (1:1) [17] in the greenhouse at 28 C/22 C (day/night) with
a 16 h photoperiod. The seedlings at the four-leaf stage were used
for subsequent stress tolerance assays.blished by Elsevier B.V. All rights reserved.
Fig. 1. Expression of ZFP252 in transgenic rice and WT. (A) and (B)
The results of semi-quantitative RT-PCR. (C) The result of real-time
qPCR. WT represents non-transgenic plants.
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The full-length ZFP252 gene has been isolated from rice seedlings
[15]. The full-length sequences of sense- and antisense-ZFP252 were
obtained by PCR and inserted into BglII and BstEII sites of pCAM-
BIA1301 vector by replacing the GUS coding region. The pCAM-
BIA1301 harboring sense or antisense-ZFP252 gene was transformed
into the calli of rice cultivar Zhonghua 11 by Agrobacterium-mediated
method [18], to generate transgenic rice lines with sense-ZFP252
and antisense-ZFP252 gene driven by CaMV 35S promoter, respec-
tively. We obtained four lines transformed with sense-ZFP252
gene (ZFP252-ox) and two lines with antisense-ZFP252 gene
(ZFP252-kd).
2.3. RNA isolation and ﬁrst strand cDNA synthesis
Total RNA was extracted from various stress-treated seedlings of
the non-transgenic (wild-type, WT) or transgenic rice lines (ZFP252-
ox and ZFP-252-kd) using Trizol reagent (Invitrogen, USA) according
to the manufacturers protocol. The RNA was sequentially treated
with DNase I (Promega, USA) at 37 C for 15 min in order to remove
the remaining genomic DNA. The ﬁrst strand cDNA was synthesized
with 4 ll of puriﬁed total RNA using the reverse transcription system
(Promega, USA) according to the manufacturers protocol.
2.4. Semi-quantitative RT-PCR and real-time qPCR
For semi-quantitative RT-PCR of ZFP252, 2 lg of total RNA was
used with the reverse transcription system (Promega, USA) according
to the manufacturers protocol. PCR was performed with ZFP252-spe-
ciﬁc primers of 5 0-GGTGGAGGCGGTTCTTGAGG-30 and 5 0-
CGTCGTAGTGGCATCGCTTGT-3 0. The reaction included an ini-
tial 5 min of denaturation at 94 C, followed 40 s at 94 C, 40 s at
56 C and 40 s at 72 C with 30 cycles, a ﬁnal 10 min extension at
72 C. The RAC1 gene [19] was used as an internal control with the
same PCR conditions as ZFP252 gene, but 26 of cycles.
For real-time qPCR of ZFP252 gene, 2 lg of total RNA was also
used with the reverse transcription system (Promega, USA) according
to the manufacturers protocol. The real-time qPCR was performed in
an optical 96-well plate with a BIO-RAD iQ5 real-time PCR system
(BIO-RAD, USA) as previously described [20] for four stress-related
genes OsDREB1A [21], Oslea3 [22], OsP5CS [23] and OsProT [24],
and an internal control18sRNA [25].
2.5. Analysis of abiotic stresses tolerance in transgenic plants
The T2 generation of four ZFP252-ox lines (S3, S6, S7 and S10) and
two ZFP252-kd lines (A14 and A17) was used in stress assays as well
non-transgenic plants (WT). In order to evaluate their tolerance to salt
stress, the seeds of WT and transgenic lines were germinated and
grown in 1/2 Murashige and Skoog (MS) medium plus 0 mM and
200 mM NaCl for 12 d [11]. The fresh weight of eachZFP252 trans-
genic or WT plant was measured respectively. In addition, the seed-
lings at the four-leaf stage of the WT and transgenic lines were
grown on soil and sand (1:1) mixture, and watered with 500 ml of
100 mM NaCl in the greenhouse. The survival rates of rice seedlings
were counted 2 weeks later [26]. As to their tolerance to drought stress,
the germinated seeds of WT and transgenic lines were grown on soil
and sand (1:1) mixture, supplied with the same volume of water. The
seedlings at the four-leaf stage were withheld watering for 14 d, and
then re-watering for 7 d, the survival rates of rice plants were counted
[17,26].
2.6. Electrolyte leakage assay
The seedlings at the four-leaf stage of the WT and transgenic lines
grown on soil and sand (1:1) mixture in the greenhouse were prevented
from watering. After 10 d, the third leaves from the top were used for
electrolyte leakage assay as described by Guo et al. [27].
2.7. Measurement of the contents of proline and soluble sugars
The seedlings at the four-leaf stage grown on soil and sand (1:1) mix-
ture in the greenhouse, were watered with 500 ml of 100 mM NaCl or
prevented from watering. After 10 d of NaCl or drought treatment
when the top leaves of WT plants started to slightly roll, the contents
of free proline and soluble sugars in WT and transgenic lines without
or with stress treatments were determined by sulfosalicylic acid method
[28] and anthrone method [29], respectively.3. Results
3.1. Expression of ZFP252 in transgenic rice plants
We analyzed the expression of ZFP252 in WT and trans-
genic lines (T2 generation) by both semi-quantitative RT-
PCR and quantitative real-time PCR. The results showed that
the expression level of ZFP252 in the four ZFP252-ox lines
(S3, S6, S7 and S10) was signiﬁcantly higher than that in
WT plants (Fig. 1A and C). The expression of ZFP252 in
two ZFP252-kd lines (A14 and A17) was hardly detected
(Fig. 1B and C).
3.2. Overexpression of ZFP252 increases rice tolerance to salt
and drought stresses
There was no signiﬁcant diﬀerence in growth rate and fresh
weight of seedlings between sense-ZFP252 or antisense-
ZFP252 transgenic plants and WT when cultured on the 1/2
MS medium (Fig. 2A and B). However when cultured on 1/2
MS medium supplied with 200 mM NaCl or grown in the pots
watered with the solution of 100 mM NaCl, the ZFP252-ox
lines grew much better than ZFP252-kd lines or WT plants
(Fig. 2A and C). Meanwhile the ZFP252-ox lines had higher
fresh weight and survival rates than the WT and ZFP252-kd
lines (Fig. 2B and D). The results indicated that overexpression
of ZFP252 in rice seedlings enhanced plant tolerance to salin-
ity.
In order to test their tolerance to drought stress, the seed-
lings of WT, ZFP252-ox lines and ZFP252-kd lines at the
four-leaf stage were withheld watering for 14 d, then re-wa-
tered for 7 d. Almost all leaves of the WT and transgenic lines
A14 and A17 rolled after 14 d of un-watered, while only a few
of leaves of transgenic lines S3, S6, S7 and S10 rolled (Fig. 3A).
Fig. 2. ZFP252 conferred salt tolerance in rice. (A) and (B) The seedlings and corresponding fresh weight of ZFP252-ox lines, ZFP252-kd lines and
WT germinated and grown on 1/2 MS medium supplied with 0 mM and 200 mM NaCl for 12 d, respectively. (C) and (D) The seedlings and their
survival rates of ZFP252-ox lines, ZFP252-kd and WT at the four-leaf stage watered with 500 ml of 100 mM NaCl for 14 d, respectively. Error bars
are based on three replicates. The values with signiﬁcant diﬀerence according to t-test are indicated by asterisks (*, P 6 0.05 and **, P 6 0.01).
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90.32%, and signiﬁcantly higher than those of WT plants
(11.23%) and ZFP252-kd lines A14 (17.62%), A17 (15.32%)
(Fig. 3B). It was found that the third leaves from top of WT
and ZFP252-kd transgenic plants severely rolled after 10 d of
water withholding and their relative electrolyte leakages were
higher than those from ZFP252-ox (Fig. 3C). These results
suggested that damage degree to the cell membrane of WT
and ZFP252-kd transgenic plants was higher than that to the
ZFP252-ox transgenic under drought stress.
3.3. Accumulation of free proline and soluble sugars in ZFP252
transgenic rice plants
Under the control conditions, the contents of either free pro-
line or soluble sugars had no signiﬁcant diﬀerence between WT
and ZFP252-ox or ZFP252-kd transgenic rice lines (Fig. 4A
and B). After salt treatment with 100 mM NaCl for 10 d when
the top leaves of WT plants began to slightly roll, ZFP252-ox
transgenic lines S3, S6, S7 and S10 accumulated more free pro-
line (Fig. 4A) and soluble sugars (Fig. 4B) than WT and
ZFP252-kd transgenic lines A14 and A17. The contents of free
proline and soluble sugars in the ZFP252-ox lines under salt
stress were approximately 2.5–3.5 folds and 8.0–9.6 folds high-
er than those under the control conditions, respectively. How-
ever, the contents of free proline and soluble sugars in WT and
ZFP252-kd transgenic plants under salt stress were only 1.3–
1.6 folds and 3.3–4.0 folds higher than those under control
conditions.
After water withholding for 10 d when the top leaves of WT
plants started to slightly roll, it was observed that the contents
of free proline and soluble sugars in ZFP252-ox transgeniclines were also signiﬁcantly higher than those in WT and
ZFP252-kd lines (Fig. 4C and D). The contents of free proline
and soluble sugars in ZFP252-ox transgenic lines under
drought stress were 1.8–2.5 and 4.6–6.8 folds higher than those
under control conditions, respectively. However, the free pro-
line and soluble sugars levels in WT and ZFP252-kd transgenic
plants under drought stress were only 1.1–1.3 and 2.5–3.1 folds
higher than those under control conditions respectively. There
was no signiﬁcant diﬀerence in the contents of free proline
(Fig. 4C) and soluble sugars (Fig. 4D) between WT,
ZFP252-ox and ZFP252-kd transgenic lines before the drought
stress.
3.4. Expression of stress-related genes in ZFP252 transgenic rice
plants
To further elucidate the possible role of ZFP252 gene
involved in responses to abiotic stresses, we analyzed the
expression of several known stress-related genes in ZFP252
transgenic lines and WT, including OsDREB1A, Oslea3,
OsP5CS and OsProT. There was no signiﬁcant diﬀerence in
the expression levels of Oslea3, OsP5CS and OsProT between
ZFP252 transgenic lines and WT plants under non-treated
conditions (Fig. 5B–D). However the OsDREB1A mRNA
was much more accumulated in ZFP252-ox transgenic lines
S3, S6, S7 and S10 as compared with that in ZFP252-kd lines
A14, A17 or WT plants under normal conditions (Fig. 5A).
Under salt or drought treatments the expression levels of all
four stress-related genes in ZFP252-ox transgenic lines was in-
creased more than that in ZFP252-kd lines and WT plants
(Fig. 5A–D). It suggested that ZFP252 might be one upstream
regulator of these genes mediating expression of some
Fig. 3. ZFP252 conferred drought tolerance in rice. (A) Recovery of
the ZFP252 transgenic plants and WT after 14 d of water withholding
at the four-leaf stage, followed by 7 d of re-watering. (B) Survival rates
of the plants were calculated for ZFP252 transgenic plants and WT
after drought stress. (C) Relative electrolyte leakage of ZFP252
transgenic plants and WT after water withholding for 10 d. Error bars
are based on three replicates. Values of transgenic plants signiﬁcantly
diﬀerent from the WT according to t-test are indicated by asterisks (**,
P 6 0.01).
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stresses. It acted as a master switch in stress tolerance, and
was involved in the complicated network controlling stress-
responsive genes.4. Discussion
The ZFP252 is a TFIIIA-type zinc ﬁnger protein that was
structurally similar with STZ/ZAT10, an extensively studied
zinc ﬁnger protein in Arabidopsis [10,30]. Overexpression of
STZ/ZAT10 improved plant tolerance to salt and dehydration
stresses in transgenic Arabidopsis plants and resulted in the
growth retardation [30]. In this study, we generated transgenic
plants overexpressing ZFP252 (ZFP252-ox) or knocking-down
ZFP252 (ZFP252-kd) and found that ZFP252-ox plants weremore tolerant to salt and drought stress as compared with
WT and ZFP252-kd plants but not to cold (data not shown).
There were no signiﬁcant changes in morphological or agro-
nomic traits among ZFP252-ox plants and ZFP252-kd and
WT plants (Supplementary Fig.S1, Tables S1 and S2). It indi-
cated that ZFP252 gene might be more eﬀective in engineering
crops with enhanced stress tolerance. The STZ/ZAT10 has
been suggested as one of the downstream regulator of DRE-
B1A, a CBF/DREB transcription factor in Arabidopsis [30–
32]. As there were two CRT/DRE elements within ZFP252
promoter region (data not shown), ZFP252 might likely be a
downstream target of rice CBF/DREB proteins. We found
that OsDREB1A encoding a DREB protein in rice was respon-
sive to overexpression of ZFP252 in ZFP252-ox plants, sug-
gesting ZFP252 might be an upstream regulator of
OsDREB1A. Similarly, another Arabidopsis TFIIIA-type zinc
ﬁnger protein ZAT12 was suggested as an upstream regulator
of CBF/DREB proteins [33].
The relative electrolyte leakage, as an index of membrane in-
jury [34], from ZFP252-ox transgenic plants was lower than
that from WT or ZFP252-kd transgenic plant under drought
stress (Fig. 4C). It implied that the degree to membrane injury
from ZFP252-ox transgenic rice plants was lower than from
WT and ZFP252-kd transgenic rice plant under drought stress,
and the ZFP252 protein could protect the cell membrane integ-
rity of rice plants under drought stress. When suﬀered with
abiotic stresses, many plants can accumulate more compatible
osmolytes, such as free proline [35–37] and soluble sugars
[38,39]. These osmolytes function as osmoprotectants in the
stress tolerance of the plants. Our results showed that the salt
and drought stress-induced increases of the contents of free
proline and soluble sugars in the ZFP252-ox transgenic plants
were higher than those in WT and ZFP252-kd transgenic
plants (Fig. 4A–D). Further, the expressions of OsP5CS
encoding proline synthetase [23] and OsProT encoding proline
transporter [24] in ZFP252-ox plants were higher than that in
WT and ZFP252-kd transgenic plants under salt and drought
stress conditions by real-time qPCR analysis (Fig. 5C and D).
These ﬁndings suggest that enhanced stress tolerance of
ZFP252-ox plants might partially be through activating pro-
line synthesis and transport pathways by ZFP252 in rice under
salt and drought stresses. Real-time qPCR showed that Oslea3
gene encoding a late embryogenesis abundant protein [22] in
ZFP252-ox transgenic rice plants was also higher than that
in WT and ZFP252-kd transgenic plants under salt and
drought stress conditions (Fig. 5B). However, we did not
found that overexpression of ZFP252 in rice could result in en-
hanced expression of these stress-related genes including
Oslea3, OsP5CS and OsProT in ZFP25 2 transgenic plants un-
der normal conditions (Fig. 5A–D). One possible explanation
is that ZFP252 mediated activation of such stress-related genes
accompanied with other stress-responsive regulator(s). Alter-
natively, there are stress negative regulator(s) with the role in
repressing these stress-related genes in rice under normal con-
ditions. The high level of negative regulator(s) may repress
expression of stress-related genes activated by ZFP252 in
transgenic rice plants under normal conditions, while they
would be signiﬁcantly accumulated in transgenic plants when
negative regulators are down-regulated by abiotic stresses.
By stress assays, we did not observe that ZFP252-kd lines
showed more sensitive to salt and drought stress, as compared
with WT plants. The possible explanation is some other zinc
Fig. 4. The contents of free proline and soluble sugars in the ZFP252 transgenic rice and WT under salt and drought conditions. (A) and (B) The
contents of free proline and soluble sugars under 100 mM NaCl stress condition respectively. (C) and (D) The contents of free proline and soluble
sugars under drought stress condition respectively. FW means fresh weight. Error bars are calculated on three replicates. Values of transgenic plants
signiﬁcantly diﬀerent from the WT according to t-test are indicated by asterisks (**, P 6 0.01).
Fig. 5. Expression of stress-related genes in ZFP252 transgenic and WT rice. Total RNA was extracted from the rice seedlings at four-leaf stage
grown under control, salt or drought stress conditions. (A–D) The transcript levels of OsDREB1A, Oslea3, OsP5CS and OsProT were measured by
real-time qPCR under normal conditions, 100 mMNaCl or drought treatments for 10 d, respectively. The ampliﬁcation of 18sRNA gene was used as
an internal control. Error bars are calculated on three replicates.
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rice under salt and drought stress. Taken together, it was con-
cluded that overexpression of ZFP252 may contribute accu-
mulation of compatible osmolytes, such as free proline,
soluble sugars and LEA proteins that function as osmoprotec-
tants, by regulating expression of stress-related genes in rice
under salt and drought stress conditions.
To further understand the ZFP252-mediated signaling path-
way in response to abiotic stresses, it will be essential to iden-
tify and characterize the downstream and upstream molecules
of ZFP252 by microarray analysis, yeast hybrid systems and so
on.
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